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In the other Isolates that were negative for a complete Tn7, the sequences Trimethoprim (TMP) resistance among bacterial pathogens has increased worldwide during the last decade (5, 14, 36, 42) . The most common mechanism of enterobacterial resistance for TMP is production of a plasmid-mediated dihydrofolate reductase (DHFR) that, in contrast to the native enzyme, is insusceptible to antibiotic activity (17, 27, 35, 37) . Of several types of TMP-resistant DHFRs characterized, the type I DHFR (21), which confers high-level resistance to TMP, is the most frequently encountered (16) . The type I DHFR gene was initially observed in association with Tn7 (3, 4) , which is a transposable element and which is clearly different from insertion sequences and their composite transposons, the Tn3 family, and bacteriophage Mu. Tn7 is unique in its ability to insert at high frequency into specific sites in' the chromosomes of many different bacteria, including Escherichia coli (20, 38) . Tn7 also transposes, albeit at a lower frequency, into random sites in the chromosome and other replicons (4, 19) .
The proportion of E. coli isolates from the urinary tracts of patients found to be highly resistant to TMP as well as the frequency of the type I DHFR gene among the TMPresistant E. coli isolates steadily increased from 1980 to 1987 at Turku City Hospital, a geriatric medical facility in southern Finland (15) . In 1987, 73% of TMP-resistant E. coli isolates harbored the type I DHFR gene, and Tn7 was detected in most (80%) of these isolates carrying the type I DHFR gene. Similar observations were made for Shigella spp. isolated from Finnish travelers, but originating from different parts of the world (14) . Dissemination of the type I DHFR gene among the E. coli isolates from the urinary tracts of patients at the Turku City Hospital could not be satisfactorily explained by the spread of a single plasmid or bacterial clone, as determined by plasmid profile analysis. Recently, it has been shown that the type I DHFR gene in Tn7 forms a genetic cassette that can also occur outside of Tn7, at a specific site in a structure closely resembling the antibiotic resistance region of transposon Tn2l (30, 31 To determine where the type I DHFR gene is located in clinical bacterial isolates and to estimate the contribution of Tn7 to the high incidence of this gene, we conducted DNA hybridization and polymerase chain reaction (PCR) studies on a collection of E. coli isolates carrying the type I DHFR gene which were isolated from the urinary tracts of patients.
MATERIALS AND METHODS
Bacterial isolates. A total of 76 E. coli isolates from urine samples of inpatients at Turku City Hospital during 1987 were randomly selected out of a larger collection of isolates described previously (15) . These isolates were all shown to be highly resistant to TMP (MIC, >1,024 ,ug/ml) and to harbor the type I DHFR gene (15) .
For comparison, 127 TMP-resistant E. coli isolates from urine samples of outpatients in the Turku area in 1987 were studied. All these isolates were highly resistant to TMP and possessed the type I DHFR gene (13) .
DNA probes. The DNA fragments used as probes are shown in Fig. 1 . The 0.49-kb HpaI fragment of Tn7, which was prepared as described earlier (14, 28, 31) , was used as a probe specific for the type I DHFR gene. The probe for tnsC consisted of the 1-kb BamHI fragment from plasmid ColEl:: Tn7, which is homologous to the tnsC gene and which also contains about 20 nucleotides of the tnsB gene (11 (23, 26) , and pint2l is specific for the integrase of transposon Tn2J (22, 30) . Oligonucleotide pattTn7right detects 17 bp of the attachment site of the E. coli chromosome (including the 5-bp direct repeat) when it is adjacent to the 12 bp of the right end of Tn7 (20, 38) . It therefore hybridizes with only those isolates which harbor Tn7 inserted into the attachment site in the E. coli chromosome. Oligonucleotide ptn2ltnpa is specific for the tnpA gene which encodes transposase in Tn2J (39) . For hybridization, the oligonucleotides were 5' labeled with [-y-32P]ATP by using the 5'-DNA Terminus Labeling System with T4 kinase (Bethesda Research Laboratories, Gaithersburg, Md.).
Control strains. For colony and Southern hybridizations with the fragment probes, E. coli C600 was used with the following plasmids as control strains: ColEl::Tn7 (6) and pLKO627 (28, 31) (positive controls) as well as pFE364 (10), pLKO601 (14) , pLKO22 (30) , and pLKO221 (pLKO221 contains the cloned 315-bp EcoRV fragment from pLMO27) (15, 29, 32 ) (negative controls). For gel hybridization with the pdhfrl oligonucleotide probe, E. coli C600(ColEl::Tn7) and E. coli J62:Tn7 (6) served as positive controls, while E. coli C600(pBR322), E. coli C600(pFE364) (10), E. coli C600 (pLKO601) (14) , and E. coli C600(pLKO221) served as negative controls. For colony hybridization with the pattTn7right a We used the same orientation designation for the ends of Tn7 as that described by Waddell and Craig (38) .
oligonucleotide probe, the controls included E. coli J62:Tn7, E. coli C600(ColEl::Tn7), E. coli C600, E. coli J53(R483) (4), and E. coli C600(pZMR11) (24); for hybridization with the pint7 probe, the controls included E. coli C600(pRSS021) (28) and E. coli C600; for hybridization with the pint2l probe, the controls included E. coli C600(pLKO26) (31) and E. coli C600; and for hybridization with the ptn2ltnpa probe, the controls included E. coli C600(R100) (41) and E. coli C600.
Gel hybridization. To study the location of the type I DHFR gene in chromosomal or plasmid DNA in E. coli isolates from inpatients at Turku City Hospital and from outpatients, a gel hybridization assay with the oligonucleotide pdhfrl was used. Minipreps of bacterial chromosomal DNA were prepared by the cetyltrimethylammonium bromide method (2) , and minipreps of plasmid DNA were prepared by the alkaline lysis method (2) . DNA samples were run on a 1% agarose gel. The gel was then incubated in denaturation solution (1.5 M NaCl, 0.5 M NaOH) for 45 min at room temperature, washed once with distilled water, incubated in neutralization solution (3 M NaCl, 0.5 M Tris hydrochloride [pH 7.2]) for 30 min at room temperature, and finally, rinsed with distilled water for 30 min at room temperature (2) . After washing, the gel was dried in a vacuum drier for 1 h at 50°C. Prehybridization was performed for 1 h at 550C in a buffer consisting of 1 x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 20 mM sodium phosphate (pH 7.4), 5x Denhardt solution, 0.1% sodium dodecyl sulfate (SDS), and 200 pLg of denatured, sonicated salmon sperm DNA per ml. Hybridization was carried out in the same buffer for 3 to 4 h at 550C. After hybridization, gels were washed three times for 20 min in 6x SSC with 0.1% SDS at room temperature and three times for 20 min in 0.5x SSC with 0.1% SDS at 56°C. Autoradiography was performed with Kodak X-Omat AR film with intensifying screens for 3 to 7 days at -70°C.
Colony hybridization with oligonucleotide probes. Colony hybridization with the oligonucleotides pdhfrI, pint7, pint2l, and ptn2ltnpa was used to detect the corresponding sequences in E. coli from Turku City Hospital inpatients. For colony hybridization, bacterial colonies were grown on 0.45-jLtm-pore-size nitrocellulose filters (Schleicher & Schuell, Keene, N.H.) on PDM-ASM agar (AB Biodisk, Solna, Sweden) to a diameter of 1 mm. The filters were prepared as described previously (14) . Prehybridization was carried out in a buffer consisting of Sx SSC, 0.025 M sodium phosphate (pH 6.5), 5x Denhardt solution, 0.1% SDS, and 200 p.g of denatured, sonicated salmon sperm DNA per ml for 2 h at 42°C. Hybridization was carried out in the same buffer supplemented with 40%o formamide for 15 to 20 h at 42°C.
After hybridization, the filters were washed in 2x SSC with 0.1% SDS twice for 15 min at room temperature and in 0.5x SSC with 0.1% SDS twice for 15 min at 53°C. Autoradiography was performed with Kodak X-Omat AR film with intensifying screens for 2 to 7 days at -70°C.
Colony hybridization with the fragment probe specific for the tnsC gene was performed as described earlier (14) .
Southern hybridization. To study the restriction patterns of the sequences adjacent to the type I DHFR gene in Tn7 in some E. coli isolates from Turku City Hospital inpatients, Southern hybridization with a fragment probe specific for the type I DHFR gene was used. Minipreps of chromosomal and plasmid DNAs were prepared as described above. DNA samples were digested with the restriction endonuclease Hinfl to obtain a typical restriction pattern for the type I DHFR gene in Tn7 (Fig. 1) . Restricted DNA samples were run in a 1% agarose gel, denatured, and transferred to a nitrocellulose filter, as described by Ausubel et al. (2) . For hybridization, the filters were prehybridized for 2 h at 68°C in a buffer composed of 5x Denhardt solution, 0.5% SDS, Sx SSPE, and 200 ,Ig of denatured, sonicated salmon sperm DNA per ml. Hybridization was performed in the same buffer supplemented with 10% dextran sulfate for 4 h at 680C.
PCR. The PCR technique was used to study the distance between the type I DHFR gene and the integrase-like ORFs of Tn7 and Tn2l in 13 non-Tn7-containing E. coli isolates from Turku City Hospital. For the samples, minipreps of bacterial chromosomal DNA were prepared as described above. As primers, opposite strands for the pint7 oligonucleotide (pint7.rev; Table 1 and Fig. 1 the E. coli isolates from Turku City Hospital inpatients harbored the type I DHFR gene in chromosomal DNA. In 9 of these 75 isolates, the type I DHFR gene was detected both in chromosomal and in plasmid DNAs. One isolate possessed the type I DHFR gene in plasmid DNA only. Positive results were observed with the chromosomal DNA band of E. coli J62:Tn7, and a weaker positive signal with the chromosomal DNA band of E. coli C600(ColEl::Tn7) (Fig.  2) . Strong reactivity was obtained with the plasmid band of E. coli C600(ColEl::Tn7). A 23-kb plasmid ColEl::Tn7 gave a band clearly distinct from that of chromosomal DNA. It seemed unlikely that we would find a naturally occurring R plasmid smaller than ColEl::Tn7, which, in addition, comigrates precisely with the chromosomal DNA in electrophoresis gels. Therefore, differentiation between the plasmid and chromosomal localizations in the population of isolates studied here was regarded as reliable. For comparison, 127 randomly selected E. coli isolates from the urinary tracts of outpatients in the Turku area during 1987 were studied. By using the gel hybridization assay, the location of the type I DHFR gene was assessed. All the isolates harbored the type I DHFR gene in chromosomal DNA; 19 (15%) of these carried the type I DHFR gene in both plasmid and chromosomal DNAs simultaneously.
The genetic surroundings of the chromosomally located type I DHFR genes in 76 E. coli isolates from inpatients at Turku City Hospital were studied further. For clarity, these isolates were divided into the following two groups: (i) the Tn7-containing isolates and (ii) the non-Tn7-containing isolates.
Tn7-containing E. coli isolates. Of the 76 E. coli isolates included in this study, 61 (80%) possessed the Tn7-specific gene, tnsC ( Fig. 1 and 3) , which should be present in any functional Tn7 (11) . All the oligonucleotide probe pint7, which is specific for the integrase-like ORF of Tn7, therefore confirming the occurrence of intact Tn7 in these isolates. All these 61 isolates harbored the type I DHFR gene in their chromosomal DNAs, and only 4 of them harbored the type I gene simultaneously in their plasmid DNAs.
To study which isolates carried Tn7 into the specific attachment site in the E. coli chromosome, colony hybridization with a 29-nucleotide oligonucleotide probe, pattTn7right, which detects the right end of Tn7 when it is located adjacent to the attachment site in the E. coli chromosome, was used. Of the 61 Tn7-containing isolates, 50 (82%) hybridized with this probe (Fig. 3) . In 11 (18%) isolates that did not hybridize with the pattTn7right probe (Fig. 3) , Tn7 probably occurred in random sites, tentatively in chromosomal DNA, because results for all 11 of these isolates indicated that the type I DHFR gene is present in the chromosome (see above). Among the control strains, colony hybridization with the pattTn7right probe was observed with E. coli J62:Tn7; and somewhat weaker, nonetheless positive, results were also seen with E. coli C600(ColEl::Tn7) and E. coli J53(R483). Plasmid R483 is a naturally occurring Incl plasmid containing the type I DHFR gene borne on Tn7 (4, 8, 26, 27) . By gel hybridization, the pattTn7right probe-positive bands in all three control strains were shown to be located only in the chromosomal DNA, indicating that Tn7 moved into the chromosome in these strains as well. No hybridization was seen with the Tn7-free E. coli C600 or E. coli C600(pZMR11), as expected. The plasmid of the latter strain (a negative control) contains an arbitrary mini-derivative of Tn7 that is transposition deficient and that is therefore unable to transpose into the attachment site, but which, however, contains the right end of Tn7 intact (24) .
The sequences adjacent to the type I gene in 38 Tn7-containing isolates were investigated by Southern hybridization analysis. Minipreps of plasmid and chromosomal DNA were digested with Hinfl, run in a 1% agarose gel, and hybridized with the labeled 0.49-kb HpaI fragment from Tn7, which was used as a probe specific for the type I DHFR gene. In the type I DHFR gene cassette, there are two loci for Hinfl; these loci are separated by 0.35 kb (Fig. 1) . When the type I gene occurs in Tn7, digestion at the next upstream site for Hinfl generates a band of 1.2 kb (Fig. 1) . Like the situation in pLMO150 or in pLKO229 (31) , in which the type I gene is inserted into the Tn2l-like acceptor site, the corresponding fragment is 1.34 kb in size. Bands homologous to the type I DHFR gene, 0.35 and 1.20 kb, were generated in all but 3 of 38 isolates analyzed. The digested DNAs from two isolates showed a 0.8-kb hybridizing fragment, but no fragment of 0.35 kb, while the 1.20-kb band was intact. This indicates a modification of the type I DHFR gene cassette. In the third diverging digest, the 0.35-kb band was observed; but instead of the 1.20-kb band, a single band of 0.8 kb appeared. That indicates a different 5' surrounding, which could be another cassette, containing a Hinfl site, in the upstream direction of the type I DHFR gene.
Non-Tn7-containing E. coli isolates. Of the 76 isolates studied, 15 did not appear to contain Tn7, since there was no hybridization with the tnsC gene-specific probe. Among those 15 tnsC-negative isolates were 14 (93%) in which the type I DHFR gene was chromosomally located. Of these 14 isolates, 5 harbored the type I gene both in chromosomal and in plasmid DNAs. One isolate contained the type I DHFR gene in plasmid DNA only.
The adjacent sequences of the type I DHFR gene in these tnsC-negative isolates were studied with probes specific for the two known locations of the type I DHFR gene, which are represented in Tn7 and pLMO150, respectively. ORFs, which were about 50%o similar and which encoded integraselike products, characteristically occur upstream of the type I DHFR gene in Tn7 and pLMO150, which carries the type I DHFR cassette in surroundings closely resembling the antibiotic resistance region in Tn2l. To detect these sequences, oligonucleotide probes specific for the respective integraselike ORFs were used (pint7 and pint2l; Fig. 1 ). Of those 15 isolates that were negative for the tnsC-specific probe, two isolates hybridized with the pattTn7right oligonucleotide, thereby indicating the joint sequence between the right end of Tn7 and the chromosomal attachment site. These two isolates also hybridized with the pint7 oligonucleotide. The reason for and consequences of the deletion of the tnsC gene in these two isolates were not studied further.
Of those 13 isolates that were negative for both the tnsC-specific probe and the pattTn7right probe, six strains still indicated the presence of an integrase-like ORF in Tn7 by hybridization (Fig. 3) . Another six isolates were hybridization-positive with the pint2l probe. In addition, one isolate hybridized with both the pint7 and pint2l oligonucleotide probes. These 13 isolates were studied further by PCR.
For PCR studies, the elongation primers were chosen to flank the defined 5' transition sequence of the type I DHFR cassette (8, 26) in Tn7 and pLMO150 (31). As mentioned above, these structures represent the two known site-specific locations for the type I DHFR gene. When the counterprimer specific for the integrase-like ORF in Tn7 (pint7.rev; Table 1 , Fig. 1 ) was used, template DNA from those isolates hybridizing with the pint7 probe as well as the DNA from the isolate hybridizing with both pint7 and pint2l gave DNA products with sizes identical to that of the product from Tn7, i.e., about 700 bp (Table 2 ). When a counterprimer specific for the integrase genes of pLMO150 and Tn2J (pint2l.rev; Fig. 1 ) was used, four of those six isolates hybridizing with the pint2l probe gave products of the predicted size, i.e., 550 bp (Table 2) . Of these four isolates, three hybridized with the oligonucleotide probe ptn2ltnpa specific for the transposon Tn21 tnpA gene (Fig.  3) , indicating the presence of an element belonging to the Tn2l-like transposons.
DISCUSSION
We have shown previously (13, 15) that of the several plasmid-mediated DHFR genes conferring TMP resistance, the type I DHFR gene is the one most commonly encountered among TMP-resistant E. coli pathogens isolated from the urinary tracts of patients in Finland. In this study, we showed that most of these TMP-resistant E. coli isolates, both from inpatients and outpatients, harbored the type I DHFR gene in the chromosome. A small subset of the isolates harbored the type I DHFR gene simultaneously in the plasmid and the chromosome, while only one isolate carried the gene in a plasmid alone.
Only a few investigations have been undertaken to determine to what degree clinical E. coli isolates harbor a Tn7-like genetic element mediating TMP resistance in the chromosome (18, 34) . Moreover, the literature is devoid of any epidemiological analyses on the chromosomal location of the type I DHFR gene. In most published studies, high-level TMP resistance in clinical E. coli isolates is reported to persist by virtue of conjugative or mobilizable R plasmids. Towner et al. (35) found that transferable R plasmids were 1566 HEIKKILA ET AL. The chromosomal location of the type I DHFR gene can be explained as a result of its location in transposon Tn7, which can transpose efficiently into a specific insertion site in the E. coli chromosome, namely, attTn7 (20, 38) . The attTn7 site is situated between two essential genes, phoS and gimS.
The actual point of insertion is within the transcriptional terminator of g1mS; hence, the protein-coding sequences are not disrupted by the Tn7 insertion. Among the type I DHFR gene-containing isolates studied here, 80% also harbored the Tn7-specific gene tnsC. All of these tnsC-containing isolates carried the type I DHFR gene in the chromosome. The majority (82%) of these Tn7-containing isolates also hybridized with an oligonucleotide probe specific for the junction between the Tn7 right end and the attachment site in the E. coli chromosome, thereby demonstrating the insertion of Tn7 into the attTn7 site.
On the other hand, 11 isolates, which also contained the chromosomal type I DHFR gene and carried the tnsC gene, failed to hybridize with the probe that detected the end of Tn7 and the attachment site. It has been shown that the sequences required for Tn7 transposition into the attachment site lie on the glmS side of the point of insertion (38) . Some of these sequences lie quite distant from the point of insertion, within the coding frame of glmS; the nucleotide sequence at the point of insertion can be altered with no apparent loss of transposition efficiency. In addition, Tn7 can also insert into random sites in the E. coli chromosome, but at a lower rate (19) . Thus, these 11 isolates apparently represent a minority of isolates that carry a chromosomal Tn7 inserted either into a modified attTn7 site or into random sites of the E. coli chromosome; the majority of isolates harbored Tn7 inserted into the specific attachment site, as expected.
In addition to Tn7, another commonly observed DNA segment with the ability for site-specific recombination (12, 30) was recently shown to represent a second location for the type 1 DHFR gene (31) . This region has also been recognized as a part of transposon Tn2J. The integration systems of Tn7 and Tn2J seem to represent two variants of the same mechanism for site-specific acquisition of resistance gene cassettes, among them the type I DHFR gene (9, 12, 26, 30, 31, 40) . To monitor the type I DHFR gene in its two precisely known locations, probes for the integrase-like ORFs of the respective systems were used. All tnsC-containing isolates harbored the integrase-like ORF of Tn7, as expected. Of 13 isolates that did not harbor the tnsC gene and that did not hybridize with the probe specific for the transition sequence between the right end of Tn7 and the attachment site, 6 isolates hybridized with the probe for the Tn2J integrase gene. In four of these six isolates, the gene for Tn2J integrase was shown to be located upstream of the type I DHFR gene, exactly in the same manner as that observed in pLM0150 and PLM0229 (31) . Three of these isolates also hybridized with the probe that detected the Tn2J-specific tnpA gene, indicating that it might be Tn2J-like transposons that harbor the type I DHFR gene in these isolates. It should be mentioned here that neither pLM0150 nor pLM0229 contains a Tn2J-like transposon in its entirety.
Most interestingly, seven isolates determined to be negative for the tnsC and the pattTn7right probes hybridized with the probe for the integrase-like ORF of Tn7. The presence of the Tn7-like sequence, which putatively encodes the Tn7-specific integrase upstream of the type I DHFR gene, was confirmed by PCR. These results suggest that not only the type I DHFR gene but also its acceptor site in Tn7 can occur in genetic structures other than Tn7. In addition, in this study we detected two isolates that harbored the chromosomally located type I DHFR gene but that did not contain the integrase-like ORF of Tn7; we detected no sequences identical to the Tn2J integrase gene upstream of the type I DHFR gene. It therefore seems probable that the type I DHFR gene cassette can insert into acceptor structures other than the two that are already known (that is, those found in Tn7 and pLM0150) and, moreover, that these structures may occur not only in plasmid DNA but also in chromosomal DNA.
The deduced product of the integrase-like ORF in Tn7 has been shown to resemble the integrase from Tn2J (12, 23, 30) , and both of these proteins likely are members of the integrase family of proteins (1) . However, the integrase-like ORF in Tn7 has been shown to contain a stop codon that prevents the coding of a functional integrase protein (23, 26) . This might explain the apparent loss of the ability of Tn7 to exchange genetic cassettes by site-specific recombination and why Tn7 is commonly regarded as a stable element. However, it should be equally possible that other evolutionary branches, along which the Tn7-like integrase is still functional, could occur. New variants of Tn7, which are clearly related to Tn7 but which lack the type I DHFR gene, have already been shown to exist (33) . Also, among the isolates we studied there were a few which showed unusual restriction patterns around the type I DHFR gene cassette. Even though a single-base mutation might have changed the restriction pattern among these isolates, it is also possible that additional cassette-like structures might have been incorporated into Tn7 in these A. coli isolates. The recom- bination mechanisms responsible for the dissemination of antibiotic resistance do, however, warrant further studies.
